Covalent-organic frameworks (COFs) are intriguing platforms for designing functional molecular materials. Here, we present a computational study based on van der Waals dispersion-corrected hybrid density functional theory (DFT-D) to design boroxine-linked and triazine-linked COFs intercalated with Fe. Keeping the original P − 6m2 symmetry of the pristine COF (COF-Fe-0), we have computationally designed seven new COFs by intercalating Fe atoms between two organic layers. The equilibrium structures and electronic properties of both the pristine and Fe-intercalated COF materials are investigated here. We predict that the electronic properties of COFs can be fine tuned by adding Fe atoms between two organic layers in their structures. Our calculations show that these new intercalated-COFs are promising semiconductors. The effect of Fe atoms on the electronic band structures and density of states (DOSs) has also been investigated using the aforementioned DFT-D method. The contribution of the d-subshell electron density of the Fe atoms plays an important role in improving the semiconductor properties of these new materials. These intercalated-COFs provide a new strategy to create semi-conducting materials within a rigid porous network in a highly controlled and predictable manner.
INTRODUCTION
Covalent-organic frameworks (COFs) are an attractive class of crystalline porous materials that can integrate organic units into periodic structures with atomic precision.
1
COFs constitute a class of synthetic materials obtained through mild reversible chemical reactions of organic monomers to form a crystalline framework. COFs can also be obtained through the ordered polymerization of monomers into three-dimensional (3D) [1] [2] [3] or two dimensional (2D) 4 crystalline frameworks that present nanometric-sized pores. The COF materials generally contain light elements (such as H, B, C, N, and O) and combine the thermodynamic strength of covalent bonds, such as those found in diamonds and boron carbides, with the functionality of organic units. 5 Thus, COF materials have high structural regularity and diversity, easy modification of frameworks, high porosity, and structural flexibility which make them ideal candidates for various potential applications; particularly in gas adsorption, gas storage/uptake (H 2 , CH 4 , etc.), [6] [7] [8] as well as energy applications from fuel cells to super capacitors.
9-11
Present computational and theoretical research show many interesting electronic properties of both the 3D and 2D COF materials with honeycomb-like structures, including:
half-metallicity, low intrinsic conductivity, and photoconductivity.
12,13
In addition, due to their π-stacked layered structures, which can drive the electronic interactions between the nearest neighboring sheets, new properties are expected to emerge from the coupling between individual layers. The low intrinsic conductivity and high charge-carrier mobility in COFs still impose a great challenge regarding their applications in flexible molecular electronics and as thermoelectric materials (which convert heat into electricity or vice versa).
A Calcium-intercalated COF (i.e. Ca-COF) was recently proposed by Meng and his coworkers.
14 They computed the equilibrium structures and density of states (DOSs) of the COF using density functional theory (DFT), and showed that this Ca-COF is useful for H 2
storage. Very recently, Zhu and Meunier

15
studied the electronic properties of 2D COFs and they showed that their band gap can be fine tuned by appropriate modifications of their structures, specifically by increasing organic chain-links in the framework.
However, instead of modifying the COF structures or increasing the organic linkers in the frameworks, we suggest that the intercalation of transition metal atoms (such as Fe) between the organic layers in COFs can tune the electronic properties by controlling the Fermi energy level (E F ) and increasing the number of electron paths (which would maintain the original space group symmetry of the pristine COFs). To the best of our knowledge, the fundamental research into intercalated-COFs has not yet been reported. Thus, works on their intrinsic properties still remain an open opportunity for material discovery. In the present work, we have designed new types of COFs made of boroxine, triazine and benzene rings, and intercalating Fe atoms between two organic layers in the COF. We have also studied their equilibrium structures and electronic properties using first-principles periodic DFT-D [16] [17] [18] [19] [20] [21] [22] calculations. The material properties as well as electronic properties were altered by the addition of Fe atoms between two organic layers in the pristine COF, while keeping the same space group symmetry (P − 6m2) of the pristine COF-Fe-0 (see Scheme 1) . The band structures were completely changed and the bands were pushed downword below the Fermi level due to intercalation of five Fe atoms in the pristine COF-Fe-0. In Scheme 1, we showed that the pristine COF-Fe-0, which is an insulator, can be converted into a direct band gap semiconductor by intercalating Fe atoms while keeping the original hexagonal symmetry (P − 6m2) of the pristine COF. The band gap of the Fe-intercalated COF was reduced by an amount of 1.42 eV from the band gap of the pristine COF-Fe-0. Thus, the intercalation of Fe atoms is a promising approach to changing the electronic properties of a pristine insulating COF into a semiconductor.
Through addition of Fe atoms between layers, seven different types of Fe intercalated-COF materials were created: (i) COF-Fe-1A (one Fe atom was intercalated per unit cell and the Fe atom was placed at the centroid of the boroxine ring), (ii) COF-Fe-1B (one Fe atom was intercalated per unit cell and the Fe atom was placed at the centroid of the triazine ring), (iii) COF-Fe-2 (two Fe atoms were intercalated per unit cell and the two Fe atoms were placed at the centroid of the boroxine and triazine rings), (iv) COF-Fe-3 (three Fe atoms were intercalated per unit cell and they were placed at the centroid of three benzene rings), (v) COF-Fe-4A (four Fe atoms were intercalated per unit cell, whereas three Fe atoms were placed at the centroid of three benzene rings, and one Fe atom was placed at the centroid of the boroxine ring), (vi) COF-Fe-4B (four Fe atoms were intercalated per unit cell, whereas three Fe atoms were placed at the centroid of three benzene rings, and one Fe atom was placed at the centroid of the triazine ring), and (vii) COF-Fe-5 (five Fe atoms were intercalated per unit cell) as shown in Figure 1 and Figure 2 , respectively. These materials are thermodynamically stable at room temperature. Thus, this work presents the COF-Fe-0
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Fe Intercalation The paper is organized as follows. In Section II, the computational and technical details are briefly introduced. In Section III, we present our results and discussions about the band structures, band gap, density of states, the effects of Fe intercalation and electron density of the d-subshells of the transition metals, and the changes of the band gaps. The paper ends
with Section IV where a short conclusion is given.
METHODS AND COMPUTATIONAL DETAILS
First-principles calculations based on hybrid DFT (B3LYP) were used to perform all the periodic boundary computations as implemented in the ab initio CRYSTAL14 suite code, which makes use of localized (Gaussian) basis sets. i.e. semi-empirical Grimme's (-D2) dispersion corrections were added in order to incorporate van der Waals (vdW) dispersion interactions in the system.
19,24-28
DFT-D has been shown to give quite accurate thermochemistry for both covalently bonded systems and systems dominated by dispersion forces.
29
However, the dispersion corrections are only available for the first 5 rows of the periodic table. Thus, the geometries of the bulk crystal structure of the aforementioned pristine COF and Fe intercalated-COF materials were opti- The threshold used for evaluating the convergence of the energy, forces, and electron density was 10 −7 a.u.
for each parameter. The mathematical expression used to calculate the binding energy, ΔE, is given below:
where n is the number of Fe atoms intercalated in the COFs.
The electronic properties of these materials were calculated at the optimized equilibrium structures of the pristine COF and intercalated-COF materials using the same level of theory (i.e. UB3LYP-D2). Integrations inside of the first Brillouin zone were sampled on 4 × 4 × 16 . The band pathway followed the symmetry points: Figure 3 
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The stability of the pristine and Fe-intercalated COFs was checked by vibrational analysis and by calculating the total energy and binding energy of the systems, for all materials (pristine and Fe-intercalated COFs). None of the systems have negative frequencies, which means that they are thermodynamically stable. The binding energy is negative, which shows that their formation is favorable.
RESULTS AND DISCUSSIONS
The optimized crystal structures of the pristine COF and Fe-intercalated COFs, COF-Fe-0, COF-Fe-1A, COF-Fe-1B, COF-Fe-2, COF-Fe-3, COF-Fe-4A, COF-Fe-4B, and COF-Fe-5, are shown in Figures 1a, 1b, 1c, 1d , 2a, 2b, 2c, and 2d respectively. We intercalated the Fe atom(s) in order to maintain the original P − 6m2 space group symmetry of the pristine COF-Fe-0. One Fe atom was intercalated at the centroid of the boroxine ring between two organic layers in one unit cell of the pristine COF in order to form COF-Fe-1A (see Figure   1b) . Similarly, one Fe atom was placed at the centroid of triazine ring to form COF-Fe-1B (see Figure 1c) . In COF-Fe-2, two Fe atoms were added at the centroid of both the boroxine and triazine rings; see Figure 1d . It is impossible to place Fe atom(s) at the centroid of the benzene rings, since it would break the P − 6m2 space group symmetry in COF-Fe-1A, COF-Fe-1B and COF-Fe-2. Similarly, three Fe atoms have been placed at the centroid of three benzene rings between two layers in one unit cell of COF-Fe-3. In one case, the fourth Fe atom was placed at the centroid of the boroxine ring in COF-Fe-3 to form COF-Fe-4A (see Table   1 , while their band gap (E g ) and binding energies (ΔE) are shown in Table 2 . The lattice constants and various bond distances gradually changed when the Fe atoms were added inside the COFs. Of all the intercalated-COFs studied here, the boroxine and triazine rings are slightly different from the benzene rings. For example, both the boroxine and triazine rings are not perfect hexagon rings in COF-Fe-3, since the angles BOB and NCN are 121.6
• and 124
• , respectively. This is a small deviation from the expected 120
• . This is because the electronegativity of the O and N atoms is stronger (i.e. there is a lone pair of electrons) than that of the B and C atoms, and both the boroxine and triazine rings have less aromatic character compared to pure benzene rings.
33-35
The distances d between two identical organic layers in COF-Fe-0, COF-Fe-1A, COF-Fe-1B, COF-Fe-2, COF-Fe-3, COFFe-4A and COF-Fe-4B increased as more Fe atoms were added between the layers (see Table   1 ) except COF-Fe-5, where the distance d was decreased by 0.002 Å relative to COF-Fe-4B.
Thus, adding Fe between two boroxine rings had a different effect than adding Fe between benzene and triazine rings.
The total energy of the systems was computed using the above mentioned DFT-D method;
and these values are reported in the Supplementary Information. The present study found that COF-Fe-1B was more stable than COF-Fe-1A by about -35.97 kcal mol Table 2 ). The binding energy calculations show that Fe intercalation at the centroid of boroxine rings is less favorable than triazine rings. Table 1 : The lattice constants (a, b, c), average bond distances, and intercalation distance (d) between two layers of COFs. The bond distances are reported in Å. Table 2 ); thus, this material is a semiconductor similar to COF-Fe-3. COF-Fe-4B also had an indirect band gap of around 1.12 eV which was about 0.26 eV lower than COF-Fe-4A.
Thus the COF-Fe-4B was also an indirect band gap semiconductor. In the case of COF-Fe-4A, where Fe was placed at the centroid of the boroxine ring, the band gap slightly increased compared to COF-Fe-4B. This is further evidence of the lower aromaticity of the boroxine ring relative to the benzene and triazine rings. The binding energy calculations (Table 2) and total energy calculations (see Supporting Information) also show that Fe intercalation at the centroid of boroxine rings is less stable than triazine rings; thus, COF-Fe-4B is more energetically stable than COF-Fe-4A.
The shape of the CB structure was slightly changed in the COF-Fe-5 due to the addition of the 5th Fe atom to COF-Fe-4A or COF-Fe-4B at the centroid of the triazine or boroxine ring. The shape of the VB was similar to the COF-Fe-3, COF-Fe-4A, and COF-Fe-4B as shown in Figure 5c Table 2 ). Additionally, the Fe-intercalated COFs studied are semiconductors, and all thermoelectric materials are, in general, semiconductors.
38,39
Conceptually, to obtain a good thermoelectric material, both the Seebeck coefficient and electrical conductivity of the materials must be optimal.
40
The Seebeck coefficient is directly proportional to the effective mass of the electrons (m * e ) in the crystal, and the electrical conductivity (σ) is inversely proportional to m * e . The band structures of the intercalated-COFs studied here (COF-Fe-3, COF-Fe-4A, COF-Fe-4B, and COF-Fe-5 among all) show that these Fe-intercalated COF materials should have an optimal value of the m * e in the M − H and L − M region. The effective mass of carriers in the aforementioned intercalated-COFs were calculated and reported in Table 2 . The effective mass is related to the curvature of the band at the top of the valence band or at the bottom of the conduction band. The method developed by LeBahers et al. 41 was used to compute the m * e of the carriers. It has been observed that the Seebeck coefficient can be enhanced through a distortion of the electronic DOSs by doping or adding impurities to the system, 40, 42 resulting in the reduction of the thermal conductivity. Such situations can occur when the VB or CB of the materials resonates with the localized impurity energy level. The present computations show that the band and DOSs structures of six intercalated-COFs (COF-Fe-1B, COF-Fe-2, COF-Fe-3, COF-Fe-4A, COF-Fe-4B and COF-Fe-5) are distorted around the E F by adding Fe atoms to the systems, and the E F is aligned with a large and narrow peak of the DOSs, resulting in an enhanced Seebeck coefficient of the aforementioned materials studied here.
The d-subshell electron density is the main contributing component in the total DOSs, which results in the band and total DOSs distortion around the E F . Thus, the effect of this distortion in the total DOSs changed the effective mass and produced a higher Seebeck coefficient as proposed by Snyder and co-workers. been shown enough to demonstrate a material stability and a posteriori synthesis in previous work.
11,22
Thus, we expect Fe-intercalated COFs to be readily fabricated experimentally by Fe intercalation between weakly bound pristine COF layers.
Although Ca-intercalated COFs were reported in the past, the base materials and linkers are different than those in the current work. In the Ca-intercalated COFs, Meng and coworkers 14 used benzene and boroxine linkers. More specifically, they used benzene diboronic acid as an organic linker and they proposed that Ca-intercalated COFs could be useful for H 2 storage materials. In the current Fe-intercalated COFs, we used triazine organic linkers in the design of the new materials. Additionally, our new materials are not intended for H 2 storage, but rather for increasing the conductivity and reducing the band gap in COFs. Here we proposed that these Fe-intercalated COFs may be useful for small gap materials, which is an important property of crystalline porous materials. We designed these compounds with the triazine included because it has π electrons to facilitate electron diffusion, while the boroxine ring does not have π electrons. We imagined that the intercalation of transition metal atoms (here Fe) would also improve the conductivity of COFs. These two elements (triazine and Fe) form a unique idea which can be used in semi-conducting technology as a way to improve conductivity and stability in nanoporous materials in future applications.
CONCLUSIONS
In summary, the structure and electronic properties of a new kind of Fe-intercalated COF materials were studied using dispersion-corrected unrestricted hybrid DFT methods. The 
Individual spins of the Fe atoms in the intercalated COFs
We used the dispersion-corrected unrestricted B3LYP-D hybrid Density Functional Theory (DFT) method in this work, i.e. UB3LYP-D. [1] [2] [3] [4] [5] [6] [7] [8] [9] All the computations were performed using CRYSTAL14 program NOT VASP as stated in the main manuscript. This means that we have used Gaussian basis sets not plane-wave basis sets. Thus, we used the unrestricted wave function to consider the spin polarization of Fe atoms. To specify the spin unrestricted calculations, we used "SPIN" keyword. The spins of Fe atoms were fixed by the "ATOMSPIN" and "SPINLOCK" keywords in the calculations using the aforementioned program/code. In order to converge the Self-Consistent Field (SCF) calculations, we assigned the spins of the individual Fe atoms in the intercalated COFs. Initially, we locked the spins of Fe atoms up to four SCF cycles, and after that, the spins of all atoms were relaxed. We have also performed Mulliken spin population analysis in the present computations. We found that C, H, N, B, O have no unpaired spins and Fe atoms have unpaired spins. Table S1 shows Table S1 . The optimized structures are provided below in .cif format.
COF-Fe-0: Pristine COF
Total Energy E COF −F e−0 = -1271.9764747 a.u.
data_COF-Fe-0 _symmetry_space_group_name_H-M 'P-6M2' _symmetry_Int_Tables_number 187 _symmetry_cell_setting hexagonal loop_ _symmetry_equiv_pos_as_xyz x,y,z -y,x-y,z -x+y,-x,z x,y,-z -y,x-y,-z -x+y,-x,-z -y,-x,z -x+y,y,z x,x-y,z -y,-x,-z x,y,z -y,x-y,z -x+y,-x,z x,y,-z -y,x-y,-z -x+y,-x,-z -y,-x,z -x+y,y,z x,x-y,z -y,-x,-z -x+y,y,-z x,x-y,-z _cell_length_a 14 
COF-Fe-1B: Fe-intercalated COF
Total Energy E COF −F e−0 = -2535.5437897 a.u.
data_COF-Fe-1B _symmetry_space_group_name_H-M 'P-6M2' _symmetry_Int_Tables_number 187 _symmetry_cell_setting hexagonal loop_ _symmetry_equiv_pos_as_xyz x,y,z -y,x-y,z -x+y,-x,z x,y,-z -y,x-y,-z -x+y,-x,-z -y,-x,z -x+y,y,z x,x-y,z -y,-x,-z -x+y,y,-z x,x-y,-z _cell_length_a 14 
COF-Fe-2: Fe-intercalated COF
Total Energy E COF −F e−0 = -3799.0160587 a.u.
data_COF-Fe-2 _symmetry_space_group_name_H-M 'P-6M2' _symmetry_Int_Tables_number 187 _symmetry_cell_setting hexagonal loop_ _symmetry_equiv_pos_as_xyz x,y,z -y,x-y,z -x+y,-x,z x,y,-z -y,x-y,-z -x+y,-x,-z -y,-x,z -x+y,y,z x,x-y,z -y,-x,-z -x+y,y,-z x,x-y,-z _cell_length_a 14 x,y,z -y,x-y,z -x+y,-x,z x,y,-z -y,x-y,-z -x+y,-x,-z -y,-x,z -x+y,y,z x,x-y,z -y,-x,-z -x+y,y,-z x,x-y,-z _cell_length_a 14 Total Energy E COF −F e−0 = -6326.3861850 a.u.
data_COF-Fe-4B _symmetry_space_group_name_H-M 'P-6M2' _symmetry_Int_Tables_number 187 _symmetry_cell_setting hexagonal loop_ _symmetry_equiv_pos_as_xyz x,y,z -y,x-y,z -x+y,-x,z x,y,-z -y,x-y,-z -x+y,-x,-z -y,-x,z -x+y,y,z x,x-y,z -y,-x,-z -x+y,y,-z x,x-y,-z _cell_length_a 14 x,y,z -y,x-y,z -x+y,-x,z x,y,-z -y,x-y,-z -x+y,-x,-z -y,-x,z -x+y,y,z x,x-y,z -y,-x,-z -x+y,y,-z x,x-y,-z _cell_length_a 15 
